1 Introduction III-nitride semiconductor quantum dots (QDs) exhibit large exciton binding energy (≥ 26 meV) [1, 2] and are ideal candidates to exploit various quantum optical phenomena at high temperatures including single-photon emission [3] , strong-coupling [4, 5] , indistinguishable photon generation [6] and one-atom lasing [7] . The practical use of the III-nitride QDs as quantum light sources often requires the addressability of a single QD. For example, strong-coupling requires the precise placement of a single QD at the anti-node of an optical cavity. Commonly, QDs are fabricated by the strain-induced Stranski-Krastanow (SK) growth mode which does not enforce control over the dot's site or dimension, making them difficult to be utilized on the device level. To provide siteand dimension-control to individual dots, one may apply selective area epitaxy (SAE), also known as the patterned growth [8] , or the top-down approach i.e. to etch a single quantum well (SQW) into nanopillars (or nanoposts). For SAE, the site, dimension and material quality of the asgrown nanostructures are very sensitive to the growth condition as the growth mechanism of a patterned substrate varies significantly from an unpatterned one [8] [9] [10] . The top-down approach, on the other hand, utilizes the matured epitaxial techniques and nanolithography and serves as a more reliable method for making controlled nanostructures. Previously, the top-down approach has been used by several research groups to produce site-controlled quantum dots in III-V materials [11, 12] . For III-nitride material systems, however, studies often focused on nanopillars made from multiple-quantum-wells (MQWs) [13] [14] [15] [16] [17] . To date, high-quality, site-controlled III-nitride quantum dots fabricated using the top-down approach have not been realized. In this paper, we demonstrate a viable fabrication method to produce site-controlled InGaN quantum dots exhibiting extremely good uniformity and room-temperature (RT) single-dot luminescence.
Sample preparation and experimental setup
The sample preparation is illustrated in Fig. 1(a) . First, a 1.5-μm thick gallium nitride (GaN) template was epitaxially grown on a c-plane sapphire substrate at 1050 ºC with a 25 nm low-temperature nucleation layer. After that, the template was ramped down to 760 ºC and was deposited with, firstly, a 10 nm-thick GaN layer; secondly, an InGaN layer of nominal thickness and indium composition of 3 nm and 15%, respectively; lastly, a 10 nm-thick GaN capping layer. The deposition of the 10 nm low-temperature GaN immediately before the QW layer was used to make the SQW structurally symmetric, with both QW barriers grown at 760 ºC. All epitaxial processes were carried out using a 3x2 Thomas-Swan closed-coupled showerhead MOCVD system. After epitaxial growth, arrays of nanoscale chromium (Cr) etch masks with varying diameters are patterned using electron-beam lithography (Raith 150 with MicroChem PMMA A2 resist) and the subsequent lift-off of 20-nm-thick Cr metallization (Enerjet Evaporator). Nanopillars are formed after etching the sample in an inductively coupled plasma reactive-ion etching (ICP-RIE; LAM 9400), using chlorine (Cl 2 ) and argon (Ar) as the etch gases. The Cr mask was removed using the chromium etchant (Cyantek CR-14) for 15 minutes. Immediately after that, 40-nm amorphous Al 2 O 3 was conformally deposited by atomic layer deposition (ALD, Oxford Instruments) to provide surface passivation and to form a photonic wire structure which facilitates the out-coupling (surfacenormal) of the emission from the InGaN layer [18] . center of a 100 × 100 µm 2 area where no other InGaN structures exist. All the pillars are observed to have tapered sidewall of about 80 degree. The tapered sidewall is caused by the mask faceting effect (or the mask erosion) [19] , in which the Cr nanodot etch mask shrinks in diameter due to the physical sputtering of an anisotropic ICP etching. Further evidence for the mask faceting effect comes from the observation that when the Cr nanodots are less than 15 nm, the pillars formed will have diameter larger than 30 nm and a pillar height much less than the nominal etch height of 120 nm. This implies that the smaller Cr nanodots are completely sputtered away during the etching and fail to serve as etch masks, and hence the insufficient etch depth. By patterning Cr nanodots of graded diameters, the smallest top pillar diameter we can achieve while maintaining the expected etch depth was found to be 13 nm. To further shrink the nanopillar diameter, one must diminish the faceting effect by using a thicker (> 20 nm) Cr mask, increasing the pressure during ICP etching, and/or reducing the Ar to Cl 2 ratio to minimize the physical sputterings.
The nanopillar sample was measured using a microphotoluminescence (µ-PL) setup equipped with a 50X objective lens, responsible for both excitation and signal collection. The 390-nm ultrafast laser excitation was focused down to a 2-µm-diameter beam spot, giving an excitation intensity of about 5 kW/cm 2 . The PL signal was dispersed by a monochromator with a 50-cm focal length and collected by a photomultiplier tube (PMT). The overall spectral resolution was 1 Å.
Results and discussion
Temperature-dependent PL spectra of the single InGaN nanopillar shown in Fig.  1(b) inset are plotted in Fig. 2(a) . First we observe that unlike in the typical InGaN quantum wells, the temperature-dependent PL peak energy follows the Varshni's model E(T)=E 0 (T)−αT 2 /(β+T) with α = 8.54×10 -4 eV/K and β = 550 K instead of the S shape [20] . At 5 K, the single pillar exhibits a PL peak with a full-width-half-maximum (FWHM) linewidth of 24 meV (3.5 nm in wavelength). This FWHM linewidth is comparable to that of an SK GaN QD in Ref. [3] , but is much broader than those from single SK InGaN QDs reported elsewhere [21] [22] [23] [24] with only hundreds of µeV. We attributed this broad linewidth to the spectral diffusion originated from the large piezoelectric fields present in the III-nitride system [22, 23, 25, 26, 30] . The trap centers on the etched pillar sidewalls can cause localized fluctuation of electric fields. We observe an increasing broadening of PL linewidth and a red shift of emission peak as the temperature rises. It is worth noting that a stand-alone single pillar exhibits distinct PL signal with a linewidth of 65 meV even at RT, which is different from other reports of self-assembled InGaN QD in which single-dot PL signal drastically diminishes and becomes difficult to detect when temperature rises above 100 K [21] [22] [23] [24] . Figure 2(b) shows the real-time CCD image of a single nanopillar under 390-nm laser excitation at RT. The large linewidth at RT is believed to be phonon assisted. From the integrated PL intensity and assuming the radiative efficiency at 5 K to be 100%, the radiative efficiency of the single nanopillar was found to be 33% which was attributed to the low surface recombination velocity [27] .
We also note that the RT PL spectrum of a single pillar is quite symmetric compared to a typical QW PL in which the asymmetric high-energy tail presents [28] . The highenergy tail originates from the integration of Fermi-Dirac distribution function of the carriers with the twodimensional density of state and is a characteristic of QW PL [28, 29] . The RT PL signal of a single nanopillar is fitted with the spontaneous emission of QD as described in Ref. [29] . The result of the fitting is shown in Fig. 3 . As a comparison, the PL of the unetched SQW sample is also shown (with its peak wavelength shifted for visual convenience). It is evident that the PL from the single InGaN nanopillar fits well with the QD curve but not the QW. We have also observed the size quantization effect, a important characteristic of the quantum dot. The blue shift from a 24-nm disk to a 16-nm disk was measured to be 60 meV and cannot be solely attributed to strain relaxation. The detailed modeling of the size quantization effect will be presented else-where. The above results strongly suggest that the disk-shaped InGaN region possess emission characteristics closer to a QD than a QW. Finally, a more rigorous proof of the QD-like emission properties will require the measurement of photon antibunching and is currently underway. Figure 4 shows the PL from an ensemble of InGaN nanopillars measured at RT. It is seen that the emission linewidth is 63 meV which is the same as that of the single InGaN nanopillar. This implies an extremely well-controlled nanopillar diameters and uniformity. We also observed no obvious yellow band luminescence (YBL) which is an indication of the high materials quality even after the ICP-RIE process. It may be attributed to the conformal coating of Al 2 O 3 by ALD which passivates the surface. In a separate sample without the Al 2 O 3 passivation, we indeed observed the formation of YBL over time.
Conclusion
We demonstrated that the simple topdown approach by dry etching is viable to fabricate highquality site-and dimension-controlled InGaN quantum dots from an InGaN SQW sample using reactive-ion etching. We characterized the emission properties of a single InGaN nanopillar using temperature-dependent microphotoluminescence. Distinct PL signal was observed even at RT which agreed well with the calculated QD emission and was markedly different from the unetched QW PL. The ensemble exhibited a similar emission linewidth as the single nanopillar, indicating the extremely well-controlled nanopillar size and uniformity.
